Introduction: Retinal characteristics are increasingly recognized as biomarkers for neurodegenerative diseases. Retinal thickness measured by optical coherence tomography may reflect the presence of Alzheimer's disease (AD). We performed a meta-analysis on retinal thickness in AD and mild cognitive impairment (MCI) patients and healthy controls (HCs). Methods: We selected 25 studies with measurements of retinal thickness including 887 AD patients, 216 MCI patients, and 864 HCs that measured retinal thickness. Outcomes were peripapillary retinal nerve fiber layer (RNFL) and macular thickness. The main outcome was the standardized mean differences (SMDs). We used STATA to perform the meta-analysis (StataCorp, Texas; version 14.0). Results: Relative to HCs, AD and MCI patients had lower peripapillary RNFL (SMD 0.98 [CI 21.30, 20 .66, P , .0001] and SMD 0.71 [CI 21.24, 20.19, P 5 .008]). Total macular thickness was decreased in AD patients (SMD 0.88 [CI 21.12, 20 .65, P 5 .000]). Discussion: Retinal thickness is decreased in AD and MCI patients compared to HC. This confirms that neurodegenerative diseases may be reflected by retinal changes.
Introduction
Alzheimer's disease (AD) is the most common form of dementia. It is neuropathologically characterized by amyloidbeta (Ab)-plaques and neurofibrillary tangles containing tau. These neuropathological changes are believed to develop 15-20 years before symptom onset. AD is diagnosed in subjects with MCI or dementia using clinical criteria combined with abnormal biomarkers for Ab pathology or neuronal injury [1, 2] . Ab pathology is reflected by decreased Ab levels in cerebrospinal fluid (CSF) or on an amyloid positron emission tomography (PET). Neuronal injury is reflected by either cortical atrophy on magnetic resonance imaging (MRI), hypometabolism on fluorodeoxyglucose-PET (FDG-PET), or increased tau and/or phosphorylated tau (pTau) levels in CSF [3] . These biomarkers however, are invasive, expensive, or time consuming. Thus, there is an urgent need for an early, patient-friendly, inexpensive AD biomarker, that preferably detects AD pathology before severe neurodegeneration [4] .
The retina is embryologically derived from the cranial part of the neural tube, similar to the brain, and therefore shares many similarities with its tissue. The retina is easily accessible, and retinal neurons can be visualized through high-resolution optical methods such as optical coherence tomography (OCT) visualizing thickness of retinal layers (Fig. 1 ). With OCT, retinal changes are visualized both in ophthalmological disease and in neurodegenerative disease. Previous studies have shown that the retinal nerve fiber layer (RNFL) thickness and ganglion cell layer (GCL) thickness are reduced in subjects with multiple sclerosis (MS) [5] , Parkinson disease (PD) [6] , and AD .
In this study, we perform a meta-analysis to assess the retinal layer thickness in AD and MCI patients and cognitively normal subjects. OCT is an optical method that accurately measures retinal layer thickness and therefore potentially a patient-friendly noninvasive method for detection of neurodegenerative diseases. We also assess the role of concomitant ophthalmological disease on retinal thickness, in particular glaucoma and the possible confounding role of age and disease severity.
Methods

Search strategy
We searched PubMed and EMBASE for studies analyzing OCT measurements in AD patients, MCI patients, and/or healthy controls (HCs) using the following search terms: "Alzheimer's Disease," "senile dementia," "Mild Cognitive Impairment," "MCI," "optical coherence tomography," and "OCT" between 1990 and February 2016.
Inclusion
We included 25 studies that used NINCDS-ADRDA and/or DSMIV criteria for AD diagnosis, Petersen or Winblad criteria for MCI, and OCT to assess retinal layer thickness. Eight of these studies included an MCI group. Ten studies used first-generation time domain (TD)-OCT, and 15 studies used spectral domain (SD)-OCT. Twentyfour studies performed a peripapillary RNFL protocol (of which 16 studies presented data for separate quadrants). One study performed a macular protocol only, and six studies performed both a peripapillary and macular protocol. Eight studies included neuroimaging (MRI or CT), and two studies included CSF analysis ( Table 1 characteristics of the included studies).
Of the 637 records identified, 612 were excluded due to their title, topic, method, or design. Others were excluded due to their abstracts, reviews, posters, communications in response to an article, or in the case of duplicate data. Studies with nondemented subjects or studies that use different techniques such as RNFL thickness with Heidelberg Retinal Tomography (HRT), fundus autofluorescence, and electroretinography were also excluded ( Fig. 2 flowchart of included and excluded articles).
Data extraction
We extracted mean and quadrant RNFL and macular thickness with standard deviations for AD and MCI patients and HC. In one study, data were presented as box plots [25] . Estimates of the mean and standard deviation were therefore calculated using the lower and upper quartiles, mean, and sample size following the methods described in Wan et al. [32] . A second study described RNFL thickness in bar diagrams without exact figures [27] . RNFL thickness means and standard deviations were therefore estimated with the help of the measure tool in Adobe Acrobat XI Pro (version 11.0.0). The standard errors were calculated to standard deviations.
Outcome measures
Peripapillary RNFL thickness was presented in superior, inferior, temporal, nasal, and mean quadrants. Total macular thickness was subdivided according to the Early Treatment Diabetic Retinopathy Study regions; fovea, inner and outer ring.
Study quality rating
The QUADAS tool was used to assess the methodological quality for each study by two authors (J.d.H. and F.D.V.) (Supplementary Table 1 ) [33] .
Glaucoma is an important potential confounder as it is a neurodegenerative disease of the retina resulting in RNFL loss. We therefore reviewed whether glaucoma was assessed by (1) medical history, (2) intraocular pressure, (3) bio microscopy, (4) fundus photographs, and/or (5) functional assessment in the form of visual field defects to generate a glaucoma exclusion score. All studies used ophthalmological history and intraocular pressure for the exclusion of glaucoma. However, this may not detect all cases, in particular normal tension glaucoma. Therefore, we totaled the number of additional assessments performed for exclusion of glaucoma: (1) posterior segment bio microscopy, (2) fundus photographs, and/or (3) functional assessment (visual fields). The higher the resulting glaucoma exclusion score, the more stringent the exclusion criteria for glaucoma were met (Supplementary Table 2 ).
Statistical analysis
We used random-effects models for the meta-analysis with a main outcome measure of Cohen's d (standardized mean difference [SMD]). Heterogeneity was assessed by c 2 test, and Egger's regression test was used to test funnel plot asymmetry. A funnel plot was generated to assess publication bias and was statistically tested with Begg's and Egger's tests. We used STATA (StataCorp, Texas; version 14.0) for all analyses, with the metan command to create forest plots, the metabias command for funnel plot, and the metareg command to perform meta-regression.
Both univariate meta-regression and multivariate metaregression were used to assess whether study characteristics were associated with the SMD. Meta-regression was carried out with the SMD as a dependent variable. Independent variables were as follows: OCT type (TD vs. SD), mean study Mini-Mental State Examination (MMSE) in the AD group, study glaucoma exclusion score, and mean study age. We performed subgroup analysis for first-and secondgeneration OCT scanner type (TD-OCT and SD-OCT, respectively) and for the four (superior, inferior, nasal, and temporal) peripapillary quadrants.
Results
Peripapillary retinal nerve fiber layer thickness
Mean peripapillary RNFL was described in 24 studies including 887 AD patients and 864 HCs. RNFL thickness was lower in AD versus HC (SMD 20.98 [CI 21.30, 20.66, P 5.000), which corresponds to an absolute decrease of 9.70 mm (CI 210.76, 28.6, P 5 .000) (Fig. 3A) . Fig. 3B and C show a larger effect for the TD than the SD scanner type, with effect estimates of respectively 21.38 (CI 21.91, 20.86, P 5 .000) and 20.70 (CI 21.07, 20.33, P 5 .000). Table 2 shows the differences between AD and HC for the mean peripapillary RNFL thickness and in the four quadrants in 20 studies. The superior and inferior quadrants are thinner than the nasal and temporal quadrants.
Eight studies measured peripapillary RNFL thickness including a MCI group consisting of 322 AD patients, 216 MCI patients, and 367 HCs and measured peripapillary RNFL thickness. RNFL thickness of the MCI group was between the RNFL thickness of AD patients and HC, with a standardized mean difference of 20.71 (CI 21.24, 20.19, P 5 .008) compared to controls and of 20.43 (CI 20.73, 20.13, P 5 .005) in comparison with AD patients.
Macular thickness
Seven studies described macular thickness of 302 AD patients in total and 241 HCs, showing significant thinning in the fovea, inner ring, and outer ring. Effect estimates are displayed in these three macular regions showing the largest effect on the outer ring 20.88 (CI 21.12, 20.65, P 5.000), followed by the inner ring (20.77 [CI 20.96, 20 .59] P 5 .000) and fovea (20.37 [CI 20.65, 20 .09], P 5 .010) ( Fig. 4 ).
Meta-regression
Meta-regression shows that OCT type, mean study MMSE score, glaucoma exclusion score, and mean study age are not associated with the SMD in the AD group compared to HC.
Publication bias
The funnel plot is relatively asymmetrical and indicates publication bias ( Supplementary Fig. 1 ).
Discussion
We performed a systematic review and comprehensive meta-analysis to assess differences in retinal layer thickness between AD and MCI patients and HCs. We show that both mean peripapillary RNFL and macular thickness decreased in AD patients compared to HCs. The difference in thickness is more apparent with TD scanners than the now widely used SD-OCT. This presents an interesting finding because the resolution (5 mm vs. 10 mm) and acquisition time of the currently used SD-OCT are superior to TD-OCT and currently used by most clinicians. However, fewer artifacts and significantly higher retinal thickness in SD-OCT with higher resolution compared to TD-OCT were reported before, and this may be an explanation for these differences [34] . The MCI group was in between AD and HC. As the differences are small, however, application of retinal thickness measurements as a diagnostic biomarker in the individual patient is challenging.
We found peripapillary RNFL thickness to be lower in the superior and inferior quadrants than in nasal and temporal quadrants. This may be related to the fact that the superior and inferior quadrants contain more neurons, and therefore, neurodegeneration is expected to be most prominent. Similarly, we would expect a more prominent change in the thicker GCL in the inner ring of the macula. In contrast, macular thickness displays the most prominent decrease in the outer ring, which may reflect RNFL loss in the periphery.
Retinal thinning is associated not only with AD but also with glaucoma. Glaucoma is a chronic, age-related, and neurodegenerative disease affecting the RNFL and hypothesized to share a common pathophysiology (neuroinflammation, lower Ab in CSF [35] and vitreous humor [36] , and retinal ganglion cell death [37] ). In addition, the prevalence of glaucoma is increased in AD patients; 25.9 %, compared to 1%-5.2% in the normal population [38] [39] [40] . The reverse correlation is less distinct as some population studies of glaucoma patients show a higher risk of AD [41] , whereas others reported no association [42, 43] . Possibly, AD is a risk factor for glaucoma, or AD and glaucoma share a pathophysiological process with retinal neurodegeneration as final common pathway. Two recent studies of Eraslan et al. and Cesareo et al., measuring RNFL with OCT, visual field defects with frequency doubling technology, and optic nerve head morphology with HRT, showed similar patterns of RNFL thinning, visual field loss, and optic nerve head morphology in AD and normal tension glaucoma [10, 44] . Consequently, it seems very challenging to discriminate retinal changes due to AD from retinal changes due to glaucoma. Therefore, stressing the need to account for glaucoma as a contributor to retinal thickness decreases.
The strengths of our meta-analysis are the inclusion of a large number of AD and MCI patient cohorts and HCs, as well as assessment of both peripapillary and macular thinning. In addition, we addressed scanner difference and the influence of glaucoma as a possible confounder.
Among limitations are the studies used showed heterogeneity in the meta-regression that could not be attributed to scanner type, MMSE, and/or age. Another limitation is that AD diagnosis in the included studies was based on clinical criteria without the support of biomarkers. The National Institute on Ageing-Alzheimer's Association (NIA-AA) criteria suggest incorporating the use of biomarkers reflecting AD pathology for an accurate diagnosis [2] . In this respect, it is important to realize that several amyloid PET studies showed that around 20% of clinically diagnosed AD patients have a normal amyloid PET scan, leading to a change in clinical diagnosis [45] . A third limitation is that we did not have sufficient data to compare retinal thickness in other neurodegenerative diseases. We found only one study with data on PD and dementia with Lewy bodies (DLB), showing retinal thinning in PD and DLB. A fourth limitation is revealed by the funnel plot asymmetry and statistical tests, indicating publication bias, with an overrepresentation of smaller positive studies. Study results may thus be an overestimation of the true effect.
Segmentation software recently became available to section retinal layers for assessment of change in individual retinal layers. With this method, a loss of GCL was demonstrated in patients with diabetes mellitus type II for example, without signs of vasculopathy, in the inner ring, reflecting neuroretinal degeneration [46] . A recent study of Salobrar-Garcia et al. used segmentation analysis in AD and mainly showed a contribution of inner retinal layers, GCL, RNFL, and inner plexiform layer (IPL) [9] . Interestingly, they found a decrease in macular thickness while peripapillary thickness was unchanged, suggesting macular before peripapillary degeneration. In contrast, an increase of IPL thickness was reported in a recent study of Snyder et al. in preclinical AD [47] . Future research may use segmentation to identify the alterations of specific retinal layers in AD and its preclinical and prodromal stages.
As shown before and in this meta-analysis, group differences in RNFL and macular thickness are small, limiting clinical application as a biomarker. When comparing these group differences with widely used MRI biomarkers, however, retinal neurodegeneration shows a comparable group difference to visual rating scores such as medial temporal lobe atrophy (1.1-1.79 SD) [48] [49] [50] . To assess the diagnostic value of OCT, comparison with the current gold standard, NIA-AA criteria-based diagnosis with the use of biomarkers (e.g., amyloid PET, CSF, and/or FDG-PET) is necessary to determine sensitivity and specificity of OCT.
Conclusion
We found that the peripapillary RNFL and macular thickness are significantly decreased in AD patients compared to HC. In addition, we took glaucoma into account as a potential confounder, that possibly overestimated the effect of AD on retinal thickness in the described studies. As of yet OCT cannot yet be applied as a diagnostic biomarker for AD in clinical practice.
Future research should focus on OCT measurements in a well-described cohort of preclinical, prodromal (i.e., MCI) and demented AD patients and subjects with information on amyloid status (positive or negative). Segmentation of individual retinal layers may provide insight into the pathophysiology of retinal neurodegeneration in AD. Correlating OCT measurements with other biomarkers of neuronal injury (i.e., hippocampal atrophy on MRI, hypometabolism on FDG-PET, or increased CSF tau and pTau levels) may give new insight in OCT measurements as biomarker of neurodegeneration.
